1. In arable fields, plant species richness consistently increases at field edges. This potentially makes the field edge an important habitat for the conservation of the ruderal arable flora (or 'weeds') and the invertebrates and birds it supports.
| INTRODUC TI ON
Arable field edges (defined as the first few metres of crop by Marshall & Moonen, 2002) have often been observed to support higher levels of species richness than field centres (Alignier, Petit, & Bohan, 2017; Marshall, 1989; Wilson & Aebischer, 1995) . This increased weed diversity at field edges presents a potential opportunity to support the conservation of biodiversity on farmland (Albrecht, Cambecèdes, Lang, & Wagner, 2016 , Fried, Petit, Dessaint, & Reboud, 2009 ) and reconcile the trade-off between biodiversity and agricultural productivity (the increase in plant diversity observed on organic farms is largely made up of species found in the cropped areas; Fuller et al., 2005) . A diverse, abundant, naturally regenerated arable flora has been demonstrated to make a disproportionate contribution to supporting other trophic levels, including phytophagous insects (Storkey et al., 2013) , bees , natural enemies (Brooks et al., 2012; Norris & Kogan, 2000) and birds (Eraud et al., 2015; Henderson et al., 2012) . However, the potential of the field edge flora to provide these resources will depend on the relative importance of two different processes that explain the increased diversity at crop edges.
First, it is often argued that field edges represent a valuable habitat for arable plants exhibiting typical ruderal traits (sensu Grime, 1974) due to a decrease in the intensity of fertiliser and herbicide inputs at the field edge (Alignier et al., 2017; Marshall & Moonen, 2002; Wilson & Aebischer, 1995) . However, this is often inferred and has rarely been directly measured (Tsiouris & Marshall, 1998; Weaver, Downs, & Thomas, 2005) . This distinct habitat is said to support ruderal species that have an affinity to arable fields due to an adaptation to fertile and disturbed environments (Bourgeois et al., 2018) yet can no longer sustain populations under intensive herbicide and fertiliser pressure in the centre of the field (Fried et al., 2009; Kleijn & Van der Voort, 1997; Wagner, Bullock, Hulmes, Hulmes, & Pywell, 2017) . In this scenario, the field edge also provides an opportunity for threatened arable plants to persist (Fried et al., 2009) as well as supporting the delivery of ecosystem services through enhanced biodiversity in agricultural landscapes Marshall et al., 2003; Storkey & Westbury, 2007) . Conservation headlands (areas of crop at the edge of the field with reduced fertiliser and herbicide inputs) are the primary policy mechanism specifically targeted at conserving the arable flora (Albrecht et al., 2016) .
Another hypothesis for the increased diversity at field edges is that they are subject to spatial mass effects or spill-over of species from neighbouring habitats (Shmida & Wilson, 1985) . Spatial mass effects augment diversity within mosaic landscapes due to immigration from adjacent habitats (Kunin, 1998) . Under this hypothesis, field edges receive the same management as the field centre but are biotically linked to the neighbouring habitat and, therefore, represent a unique habitat (Gabriel, Roschewitz, Tscharntke, & Thies, 2006; Kovar, 1992; Le Coeur, Baudry, Burel, & Thenail, 2002; Marshall & Moonen, 2002) . As the agricultural landscape presents very steep transitional gradients between the intensively managed cropped area and the semi-natural field boundary vegetation, we might expect that such spatial mass effects make a significant contribution to plant diversity and abundance at the edge of fields, due to the close proximity of the contrasting habitats. Under this hypothesis, the increase in plant diversity, through the addition of non-arable plants, could be considered as a threat to both crop production and the conservation of rare arable plants in field edges, particularly if the additional species have a more competitive ecological strategy.
Here, we aim to determine the contribution of spatial mass effects to plant diversity in arable fields, and the implications for both crop production and the conservation of farmland biodiversity in conventionally managed fields. Previous studies reporting the effect of the landscape on plant species richness, have focussed on largescale landscape factors and have shown that landscape heterogeneity or field size can affect weed species richness (Alignier et al., 2017; Gaba, Chauvel, Dessaint, Bretagnolle, & Petit, 2010; Gabriel et al., 2006; Poggio, Chaneton, & Ghersa, 2010; Roschewitz, Gabriel, Tscharntke, & Thies, 2005) .
Heterogeneous landscapes are composed of diverse habitat mosaics and so the species pool in these landscapes should be greater as the niche space within these different habitat types is broader than would be found in a homogeneous landscape. Smaller fields, with a higher edge/area ratio, have a greater probability of being colonised from these surrounding habitats. In contrast, other studies have failed to detect a significant relationship between landscape heterogeneity and weed species richness (Alignier et al., 2017; Bohan & Haughton, 2012; Marshall, West, Kleijn, 2006) .
One reason for the resulting uncertainty around the contribution of spatial mass effects to plant diversity in arable fields is that spill-over from neighbouring habitats will depend on the features of the immediate landscape, which are not captured in typically used metrics of habitat heterogeneity (e.g. the proportion of arable land in a predefined radius). Considering that plant mean dispersal distance is 50 m (Nathan, 2006) and that many plants typical of arable landscapes are gravity-dispersed (Benvenuti, 2007) , it is likely that only absence of herbicides, is limited. This will enhance ecosystem services delivered by the ruderal flora and reduce the risk of competitive species occurring in the crop.
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We present a novel analysis of the dataset from the Farm-Scale Evaluations (FSE) of genetically modified, herbicide-tolerant (GMHT) crops that represent the most extensive survey of biological communities in arable fields in the UK . The data on weed communities have previously been used to analyse the importance of crop management, crop rotation and landscape in driving variation in field-scale plant diversity and abundance (Bohan & Haughton, 2012; Bohan et al., 2011; Heard et al., 2003) . Here, we develop models of weed diversity and abundance that use previously unreported data on the field boundary, margin (an established strip between the boundary and field edge), and habitat immediately neighbouring each field in the FSE. We contend that field-scale arable plant diversity is a combination of resident species that can persist under the intense selection pressure of cultivation and agrochemical inputs (typical arable species), and transient species that rely on regular re-colonisation from neighbouring habitats, characterised by a more 'competitive' ecological strategy (Figure 1 ). We use an objective measure of fidelity to arable habitats to determine the extent to which plant species are adapted to the arable habitat, and quantify the relative contribution of resident and transient species to a community. We also relate this measure of fidelity to independent measures of competitiveness to indicate the extent to which spatial mass effects at field edges could pose a threat to both crop production and the conservation of ruderal habitats.
If spatial mass effects are making an important contribution to the variance in field-scale plant diversity, we would expect: (a) a significant interaction between the decline in diversity and abundance with distance into the field and the nature of the neighbouring habitat and/or boundary feature, (b) an increase in fidelity to arable field habitats from the field edge to the centre, and (c) a weakening of these patterns post-herbicide treatment, as transient species are removed, leaving a greater proportion of resident species that are able to persist in intensively managed fields owing to buffering from large persistent seedbanks or evolved resistance to herbicides. If spatial mass effects are important in determining field edge diversity and transient species are competitive with low fidelity to the arable environment, these species will pose a threat to crop production and the conservation of farmland biodiversity.
| MATERIAL S AND ME THODS

| FSE dataset
We used data collected as part of the FSE study of GMHT crops . The study covered 296 fields growing either sugar beet, maize, winter or spring oilseed rape (OSR) and ran from F I G U R E 1 The gradient of management intensity (reduction in fertiliser/herbicide inputs) towards the field edge may account for some increase in species richness observed at field edges. However, spatial mass effects will also contribute to the change in species richness and abundance at field edges. We hypothesise that the size of these effects is relative to the immediately adjacent habitats and field boundaries. (a) Large spatial mass effects, owing to species rich adjacent environments (e.g. managed grassland), boundaries (e.g. hedge) and margin, lead to a greater species richness and more abundance with a larger proportion of transient species in the community. In this scenario, fidelity scores, measuring the affinity of species to the arable habitat, will be lower. (b) Small spatial mass effects, owing to species poor adjacent environments (e.g. bare ground) and boundaries (e.g. water) lead to a low abundance of weeds with a reduced transient community in the field edge. Here, the resident weed community, buffered by the seedbank, will comprise the greater part and so the field edge community will be less diverse and show higher fidelity scores 2000 to 2002. Each field was split into two halves, a GMHT half and a conventionally cropped half. A wide range of metrics of agricultural biodiversity were collected . The fields were spread widely across the lowlands of eastern and southern Britain (see Figure S1a ) and were broadly representative of contemporary agriculture . Herbicide treatment was not stipulated in the experimental design for the conventional crops and it was left to farmers to implement 'cost-effective' weed control using their normal farm management practice .
We only used data from the conventionally managed treatments and removed all data from GMHT treatments from our analyses. 
| Weed data
| In-field and landscape factors
Information about the soil type of each field was provided by the farmers at the site selection stage and grouped into four categories: light, medium, heavy and organic . Farmers also provided data on the field size.
The land adjacent to the trial field at the end of each transect was classified into broad habitat categories (Firbank et al., 2003-catego- ries from: Carey et al., 2002; UK Biodiversity Steering Group, 1998) .
We grouped these landscape factors into a single categorical variable 'adjacent environment' with categories including bare ground (ploughed field or urban), crop, managed grassland, natural grassland and woodland ( Figure S3 ). Among the 3,028 transects, 885 were found to have multiple adjacent environments present and so were not included in the subsequent analysis.
Other landscape information was recorded for a 10-m section at the field edge for each transect position .
These data included the presence or absence of margins ( Figure   S4 ), the width of any margin present and the types of field boundary features (Figure 1 ). We grouped the boundary attributes into a single categorical variable 'adjacent boundary' that could take any one of the following values: ditch, hedge or tree line, road, water course or no boundary ( Figure S5 ). Transects found to have multiple adjacent boundaries, for example both a hedge and a ditch, were not included in the subsequent analysis to avoid rank deficiencies in the modelling step. At this stage, a further 377 transects were removed from the dataset leaving 1,766 transects in our analyses.
| Analysis
| Diversity indices
For each of the three weed count datasets, we calculated the weed species richness and total weed abundance in each quadrat. Larger positive values indicate a greater degree of joint fidelity. We defined the habitat of interest to be the central cropped area of arable fields and considered each field site in the FSE to be one plot in the habitat of interest (for the purposes of calculating this metric, we omitted the data in quadrats 2 m from the crop edge to avoid edge effects and to exclude the transient community, N p = 268). We used independent data from the Countryside Survey (Carey et al., 2008) to represent plots in other habitats. The Countryside Survey covered a total of 591 1 km × 1 km sample squares spread across England, Scotland and Wales, representative of the variations in the climate and geology of the three countries. The species of plant present were recorded for each plot. From these data, we excluded all plots in an arable or horticultural habitat as well as plots from non-terrestrial habitats, leaving a total of N = 16,024 plots.
| Fidelity scores
We computed a fidelity score for each of the 181 species present in the FSE dataset using Equation 1 where n is the total number of plots in which the species is found (across both the FSE and Countryside Survey datasets) and n p is the number of plots where the species is found in the habitat of interest (FSE dataset only).
For each quadrat within the FSE dataset, a community weighted mean (CWM) of fidelity scores (F CWM ) was calculated based on abundance data following where i is the number of species present in the quadrat, p i the proportion of the total number of individuals in the quadrat made up by species i and F i the fidelity score for species i.
| Species competitiveness
We took two complementary approaches to assess the relationship between fidelity and the relative competitiveness of weed species.
First, we used data on the competitive index of various weed species estimated by Marshall et al. (2003) as the weed density required to
give 5% crop yield loss in wheat, with a lower value indicating increased competitiveness. While the absolute value of the index will be specific to a given crop, and will also depend on local environment, weather and management, it is nevertheless a useful quantitative measure of relative competitiveness. For the 25 species for which these data were available, that were also found in the FSE, we compared this competitive index (log values +0.1) to the fidelity score for that species to determine whether these two metrics were correlated (Pearson correlation).
In the second approach we recorded the ecological strategy (C/S/R, and all combinations thereof, where C species are competitors, S species are stress-tolerators and R species are ruderals) according to Grime, Hodgson, and Hunt (2014) , where available, for all species present in the FSE. These strategies are indicative of adaptation to environments with contrasting soil fertility and disturbance with the difference between ruderals and competitors representing a contrast in competitive ability in fertile environments. We determined the average fidelity score for each group and tested for significant differences in fidelity score between the ecological strategies (one-way ANOVA).
| Generalised linear mixed effects models
We investigated the effect of landscape and in-field factors on weed diversity, abundance, and CWM fidelity scores using generalised linear mixed effects models (GLMMs). Observations at the quadrat scale were used as the response, with sites and transects nested within sites included as random effects following the original experimental design.
There was no evidence for spatial structure in any response variable and so no further correlation structure was incorporated into these random effects. Species richness and abundance were assumed to follow a Poisson distribution, while CWM fidelity scores were assumed to follow a normal distribution. For all responses, the canonical link function (natural logarithm for Poisson responses and identity for normal responses) was used. For each Poisson response, the dispersion parameter was estimated to account for over and under dispersion.
We considered the following terms in the fixed effects model: distance from field edge (natural logarithms), adjacent environment, adjacent boundary, the presence of a margin and its width, soil type, field size, and crop type. We also included the interaction between each landscape and in-field factor with distance from the field edge.
Due to high levels of imbalance between higher order factor level combinations, in particular the presence of combinations with zero counts (11 out of 157, see Table S1 ), higher order terms were not considered in the model. Models were fitted using the method of Schall (1991) 
| RE SULTS
| Weed diversity and abundance
All three FSE datasets (pre-herbicide, post-herbicide and winter wheat) showed similar species richness with a mean of two to three species across all quadrats. Weed abundance was generally lower in the post-herbicide dataset than in either the pre-herbicide or winter wheat counts (Table 1) .
| Fidelity
Of the 181 species present in the FSE dataset, the species scoring highest for fidelity were those that are typically considered as weed species with R species achieving the highest fidelity scores ( Table 2 ).
The species scoring the lowest for fidelity were mostly perennials, more commonly associated with hedgerows and grass margins, including seedlings of woody species, and were characterised by a more competitive ecological strategy. The absence of species scoring less than −0.1 indicates that there were no species atypical of the arable landscapes found in the dataset.
TA B L E 1 Summary statistics of diversity and abundance at the quadrat level across all three weed datasets TA B L E 2 Fidelity scores of the species present in the FSE dataset. Species were ranked according to their fidelity to the arable environment. Here the top and bottom ten species by their ranking are shown. The ecological strategy of these species according to Grime et al. (2014) is also shown, where C species are competitors, S species are stress tolerators and R species are ruderals F I G U R E 2 Relationships between species competitiveness and fidelity scores. (a) Correlation between fidelity score and competitive index (number of individuals required to give 5% crop yield loss in wheat; Marshall et al., 2003) . (b) Median fidelity score for species showing different ecological strategies according to Grime et al. (2014) . The relative position of the circle indicates the ecological strategy, the colour of the circle represents the median fidelity score for that ecological strategy and the number within the circle is the number of species represented by that ecological strategy
| Species competitiveness
We observed a significant correlation between the log competitive index and the fidelity score for the 25 species present in both the (Figure 2b ). There were significant differences between fidelity scores for the different ecological strategies (F (13,102) = 4.58, p < 0.001) with R strategists having the highest fidelity score. Fidelity scores generally decreased as strategies tended towards C and S types ( Figure 2b , Table 2 ).
| Generalised linear mixed effects models
| Diversity and abundance
In all three datasets, there was a consistent effect of distance into the field on species richness (Table 3) . In all cases, this represented an increased species richness at the edge of the field with lower species richness at the field centre. For the pre-herbicide dataset ( Figure 3a ) and winter wheat dataset ( Figure S6 ) (both assessed prior to the application of contact herbicides), the rate of species richness decline into the field was modified, dependent on the environment in the adjacent parcel of land. Fields adjacent to grassland showed the highest level of overall species richness. The rate of decline in species richness from the field edge to the centre was steepest for fields adjacent to woodland and managed grasslands while there is no increase in species richness at the field edge for fields adjacent to bare ground. For the pre-herbicide dataset, the species richness was particularly low when adjacent to bare ground.
However, in winter wheat, this distinction was not observed. Soil type also significantly impacted species richness showing that the in-field environment is still very important, although fields with organic soils (which exhibit a different response to other soil types) were underrepresented in the dataset. Crop type was not a significant term explaining variance in weed diversity prior to the application of contact herbicides.
However, following the application of herbicide, the role of the adjacent environment became insignificant and instead a significant effect of the crop type was observed indicating the importance of herbicide selectivity; OSR crops supported the largest number of species, whereas maize crops had the lowest species richness (Figure 3b ). There was also a small interaction between the margin's width, if present, and the distance into the field. In this case, fields with very wide margins had higher species richness at the field edge with species richness declining towards the centre to reach the same level as in fields with a narrow margin. TA B L E 3 Final GLMM model terms and their significance (NS term included in model but not significant, *p ≤0.05, **p ≤ 0.01, ***p ≤ 0.001) for all diversity metrics and CWM fidelity scores. A separate model was fitted to each dataset for each response variate. For models fitted to the counts made in winter wheat, the crop type indicated here is the crop in the experimental year and so represents the crop grown in the year prior to the count
Diversity metric
Dataset
Main effects
Interaction with distance into the field (Figure 4) . In winter wheat, abundance was particularly high at the field edge in fields adjacent to grassland ( Figure S7 ). Weed abundance also significantly varied with different boundary types although the response was not consistent across all three datasets (Figure 4 , F I G U R E 3 Predicted natural log species richness from a GLMM on (a) the pre-herbicide dataset and (b) post-herbicide dataset. Model terms are shown in Table 3 . Predictions are classified by distance from field edge and the main effects included in the final model. Predictions are averaged over all other terms included in the model. Error bar shows the approximate average standard error of difference
Pre-herbicide
Post-herbicide Figure S7 ). Fields adjacent to roads or farm tracks had the greatest weed abundance prior to herbicide application with high abundance of weeds at all distances into the field.
| CWM fidelity scores
The CWM fidelity scores increased towards the field centre ( Figure 5 ).
This indicates that species present in the centre of the field are those more typical of arable habitats (resident species) while those present at the edge of the field are more likely to originate from other habitats (transient species). As well as having higher abundance, fields neighbouring grassland also had plant communities with the highest fidelity to arable habitats indicating that species originating from grassland were most likely to be able to colonise arable fields. Prior to herbicide application (pre-herbicide and winter wheat datasets), the adjacent boundary feature showed a significant interaction with distance into the field indicating that the way in which CWM fidelity scores changed from the field edge to the centre was modified by the boundary feature ( Figure 5 , Figure S8 ). Fields adjacent to a watercourse had communities with the lowest fidelity scores and the steepest gradient in CWM fidelity score from the field edge to the centre, whereas fields with no boundary features tended to show little change in fidelity between the field edge and centre.
Following the application of herbicide, the difference in fidelity score at the field edge was largely driven by the presence of a margin and the distance into the field. At the field centres, fidelity scores were generally high with communities composed of 'arable species'.
When there was no margin this stayed the same from the field centre to the edge, yet when there was a margin present, the fidelity scores dropped at the field edge indicating that a proportion of the individuals colonising the cultivated field from the margin were able to persist following the application of contact herbicide.
| D ISCUSS I ON
Our results confirm the importance of the immediate landscape in influencing the increased weed diversity and abundance observed at field edges. This provides evidence for the hypothesis that spatial mass effects contribute significantly to in-field plant diversity and abundance and that weed communities are composed of both resident weed communities, replenished by the in-field seed bank and F I G U R E 4 Predicted natural log abundance from a GLMM on (a) the pre-herbicide dataset and (b) post-herbicide dataset. Model terms are shown in Table 3 . Predictions are classified by natural logarithms of distance into field and all main effects included in the final model. Predictions are averaged over all levels of other terms included in the model. Error bar shows the approximate average standard error of difference
Pre-herbicide transient communities, which rely on repeated colonisation of field edges. We demonstrated that the spatial distribution of species richness at the field scale, namely a decline in diversity with distance into the field, is highly dependent on the immediate landscape context. This confirms our first hypothesis that there is a significant interaction between the decline in diversity with distance into the field and the nature of the neighbouring habitat and/or boundary feature.
The highest species richness and abundance prior to the application of contact herbicides was observed in fields adjacent to grasslands. This is indicative of grassland species having high potential to colonise arable fields and is also reflected in the relatively high CWM fidelity scores for fields neighbouring grassland. This was in contrast to the low species richness observed in fields adjacent to bare ground (including urban) where there is a limited source of new species in the local environment. Notably for the 135 transects next to bare ground, no decline with distance into the field was observed,
implying that spatial mass effects may be exclusively responsible for the increased species richness at the edges of intensively managed fields.
It is interesting to note the differences between managed and natural grassland systems in terms of their effect on the total weed abundance as well as the gradient of species richness in the adjacent crop. In the pre-herbicide dataset, we observed more species overall and a steeper gradient in species richness from managed grasslands to the field centres, whereas the gradient from natural grassland to the field centres was shallower (although this difference was not seen in the winter wheat dataset). Natural grasslands, which generally have lower soil fertility, largely consist of relatively less competitive stress-tolerant species (characterised by a slow growth rate and low specific leaf area) that are likely to be less well adapted to the highly fertilised cropped field edge (DeVries et al., 2012) . The prevalence of vegetative regeneration traits in natural grasslands and greater amounts of seed dispersal in managed grasslands (Pakeman, 2004 ) also helps to explain the higher spatial mass effects from managed grasslands.
Our second hypothesis that we would see an increase in fidelity to arable field habitats from the field edge to the centre was also confirmed by our analyses indicating that transient communities at the field edge are less typical of the arable environment, whereas it is the resident communities, comprising typical arable species, that are found at the field centre. The steepest declines in diversity were observed next to woodland, which would act as a source of species poorly adapted to disturbed arable fields-a conclusion also supported by the low fidelity scores observed in these transects. The idea that field boundaries are acting both as an additional source for spatial mass effects and as a barrier to dispersal is also supported by Our analysis gives strong support for the view that increased species richness at the edges of fields is largely a result of spill-over from neighbouring habitats and that spatial mass effects are a key process explaining increased weed diversity and abundance at the edges of conventionally managed fields. The absence of any S or S/R species from our dataset or any rare weeds (on the UK Biodiversity Action Plan, 2018 list of rare species in the UK) highlights the fact that intensive agriculture has dramatically depleted the arable flora in much of the arable landscape and so conservation measures should be targeted at areas where high diversity still remains (Albrecht et al., 2016) .
We also found that decreasing fidelity scores (associated with the field edge) were linked to more competitive species, meaning the transient weed community is more competitive in nature, and ecologically distinct from the ruderal (R) dominated resident community. This finding has important implications for how we view field edges in terms of their potential to conserve arable plant communities in conventionally managed fields. While there was evidence that the competitive transient species were being effectively controlled with herbicides, if left unchecked (in the absence of herbicides) they could become problematic weeds-lower fidelity scores were correlated with a lower competitive index (fewer individuals required to give 5% yield loss).
The common weed flora has an important role in supporting farmland biodiversity Marshall et al., 2003) and ruderal species have been shown to disproportionately provide resources for phytophagous insects as well as providing chick food (Storkey et al., 2013) . The seeds of many ruderal species are also an important component in the diet of farmland birds (Eraud et al., 2015; Gaba, Collas, Powolny, Bretagnolle, & Bretagnolle, 2014) . Perennial field margins provide a habitat to support farmland biodiversity which may offset the habitats being lost through the conversion of semi-natural grasslands. However, these margins do not provide an opportunity for ruderal species, which require areas of natural regeneration, to persist (Butler et al., 2009) . Recommendations for conserving arable plant diversity and supporting the ecosystem services provided by the ruderal flora include reducing fertiliser and herbicide application at the field edge (Albrecht et al., 2016; Wagner et al., 2017) . A land-sparing approach where these 'conservation headlands' are maintained on conventionally managed farms would help restore plant diversity to similar levels to those found in organic farms (Fuller et al., 2005) . Our results highlight the importance of considering the neighbouring habitat and boundary when deciding where to place these options in the landscape. Where there is a danger of competitive species colonising a conservation headland (i.e. adjacent to managed grasslands or margins), they could become dominant in the absence of herbicides. These more competitive species would suppress the desirable ruderal species and potentially become problematic for crop production within the field. As such, the success of these conservation measures will depend on the immediate landscape context, and the potential ingress of competitive species should Post-herbicide
be considered when deciding on their arrangement in the farm landscape and subsequent management. 
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